AbSTRACT: The effect of a dietary microbial phytase on mineral digestibility throughout the gastrointestinal tract (GIT) of the growing pig was studied. Thirty-two entire male pigs (~22 kg BW) were allocated equally to 4 corn-soybean meal diets. One diet was adequate in total P and Ca, the second diet was deficient in total P and Ca (low-P diet), and the third and fourth diets were the low-P diet with microbial phytase added at 1,107 U/kg or 2,215 U/kg, respectively. Titanium dioxide (3 g/kg) was included in the diets as an indigestible marker. The pigs were fed their respective diets for 42 d. Fecal samples were collected from d 38 to 41 and stomach chyme, terminal jejunal, and terminal ileal digesta samples were collected after euthanasia on d 42. Phytate P degradability and apparent total P and Ca digestibility were determined at the gastric, jejunal, ileal, and total tract levels. Phytate P degradation and apparent total P and Ca digestibility were not significantly different between the 2 microbial phytase inclusion levels. Across both microbial phytaselow-P diets, phytase supplementation increased (P < 0.05) phytate P degradability at the jejunal, ileal, and total tract levels by 101%, 77%, and 10%, respectively, but not at the gastric level. Total tract phytate P degradation was greater (P < 0.05) than ileal phytate P degradation for both the unsupplemented (52% units greater) and phytase-supplemented, low-P (26% units greater) diets. The latter result was not reflected by the apparent total P digestibility estimate, which was not significantly different between the ileal and total tract levels for both the unsupplemented and phytase-supplemented, low-P diets. Consequently, there appeared to be considerable phytate degradation in the hindgut, presumably due to the action of hindgut microbes, but the phytate P released in the hindgut did not appear to be absorbed. Apparent Ca digestibility was not significantly different among jejunal, ileal, and total tract levels for any of the dietary treatments, but apparent Ca digestibility was greater (P < 0.05) for the phytase-supplemented diets compared with the unsupplemented diets. Overall, dietary microbial phytase supplementation led to greater phytate degradation to the end of the jejunum. Because the phytate P released in the hindgut was not absorbed, ileal estimates, rather than total tract estimates, of phytate degradation appear to more accurately reflect P availability.
INTRODUCTION
Minerals are not absorbed evenly throughout the gastrointestinal tract (GIT) and depending on the mineral, the preferential site of absorption differs (Partridge, 1978; Schröder and Breves, 2006) . Moreover, nutrient interactions in feedstuffs either before consumption or in the GIT after consuming a meal may affect not only the extent of mineral absorption but also the site of absorption (Partridge, 1978) . One example is the interaction between phytate, which is present in many plantbased feedstuffs and divalent cations, particularly Ca, which when both are present in the diet can lead to a reduction in mineral absorption.
Phytate can be hydrolyzed in the GIT, at least to some degree, by the intrinsic phytases present in plant materials (Schlemmer et al., 2001) , endogenous phytases (Hu et al., 1996) , or possibly by microbial phytase from the gut microbiota present in the GIT (Leytem and Thacker, 2010) . More recently, however, phytases have been produced commercially from microbial sources and are often included in pig and poultry diets to improve the availability of minerals, such as Ca and P, and other nutrients ostensibly through greater phytate hydrolysis. Several studies have been published examining the efficacy of dietary microbial phytase supplementation on Ca and P availability in pigs, but these studies largely focus on disappearance across the total tract and to a lesser extent apparent ileal mineral absorption. There is a dearth of information on the behavior of dietary phytate P and total P and Ca throughout the GIT of pigs, particularly in response to the presence of dietary microbial phytase (Selle et al., 2010) , and particularly in relation to corn-soybean meal diets (Nitrayová et al., 2009; Zeng et al., 2011) . Consequently, the aim here was to examine the degradation of phytate P and apparent digestibility of total P and Ca throughout the GIT in the growing pig, as influenced by dietary microbial phytase supplementation of a corn-soybean meal diet. The impact of dietary microbial phytase supplementation on bone mineral density (bMD) was also examined.
MATERIALS AND METHODS

Diets
Microbial phytase (Ronozyme HiPhos (GT)) was obtained from Novozymes A/S, Bagavaerd, Denmark. A vitamin/mineral premix was obtained from Vitec Nutrition Limited, Auckland, New Zealand. Four cornsoybean meal-based experimental diets were formulated, which were designed to include a positive control diet containing nutritionally adequate amounts of P (total P = 5.0 g/kg, available P = 2.3 g/kg) and Ca (6.0 g/kg), a negative control diet (low-P diet) containing deficient amounts of P (total P = 3.9 g/kg, available P = 1.3 g/kg) and Ca (3.85 g/kg), and 2 test diets where microbial phytase was added to the low-P diet at 1,107 U/kg of diet or 2,215 U/kg of diet. Diets were designed to meet the requirements of the growing pig for all other nutrients, except protein (NRC, 1998) . The ingredient composition of the experimental diets is shown in Table 1 and the determined nutrient composition in Table 2 . Based on the determined total P (5.1 g/kg), the positive control diet was adequate in P for pigs between 20 and 50 kg BW (NRC, 1998) . However, the determined phytate P concentration in the positive control diet was greater than expected (3.1 g/kg). As a result, it is possible that the nonphytate (available) P concentration was marginally less than the requirement for the growing pig (NRC, 1998) . Nevertheless, the P content (both total and available) of the positive control diet was considerably greater than that of the negative control (low-P diet). Therefore, data for the positive control diet have been included in the present report. Phytase activity of the commercial microbial phytase (11,070 U/g of product) was determined before addition to the diets, using the method described by ISO Standard 30024:2009. Titanium dioxide (3 g/kg) was included in all diets as an indigestible marker.
Experimental Animals
Ethics approval for the animal trials was obtained from the Animal Ethics Committee, Massey University, Palmerston North, New Zealand.
In Vivo Study
Thirty-two entire male [PIC Camborough 46 × PIC boar 356L; (mean BW ± SE = 22.1 ± 0.2 kg)] pigs were obtained from a local commercial farm and randomly allocated to 1 of the 4 dietary treatments, such that there were 8 pigs per treatment. The individual pig was the experimental unit. Pigs were housed individually in metabolism cages in a temperature-controlled room at 22 ± 2°C, with a 12 h:12 h light:dark cycle. Water was available ad libitum via nipple drinkers. Ingested P and Ca from the water was low, equating to <0.1% of the total ingested P and <2.2% of the total ingested Ca, assuming a water intake for each pig of 3 L/d. Pigs were weighed at the start of the trial and then weekly thereafter. The experimental period was 42 d. Pigs were fed a daily DMI of 10% of their metabolic BW and feed intake was adjusted weekly. The daily rations were fed as 2 equal meals, given at 0900 and 1600 h. Any feed refusals were recorded. The mean daily DMI were 1.35 ± 0.08, 1.35 ± 0.04, 1.35 ± 0.05, and 1.38 ± 0.04 kg/d for the pigs receiving the positive control diet, unsupplemented low-P diet, phytase-supplemented (1,105 U/kg) low-P diet, and phytase-supplemented (2,215 U/kg) low-P diets, respectively. Fecal samples were collected over the final 3 d of the study from each pig, freeze dried, and stored at -20°C before chemical analysis.
On d 42, pigs received their respective diets as discrete meals, each consisting of one-ninth of their daily ration, which were given at hourly intervals to give a less variable flow of digesta throughout the small intestine (Hamilton and Roe, 1977) . At 6 h after the first meal, pigs were euthanized by a lethal intracardiac injection of Na pentobarbitone 300 (5 mL/kg BW), after sedation with an intramuscular injection (0.3 mL/kg BW) of a mixture containing xylazine, zolazepam, ketamine, and tiletamine, all at 50 mg/mL. All drugs were obtained from SVS Veterinary Supplies Ltd., Palmerston North, New Zealand. Post euthanasia, the radius, ulna, and M3/M4 metacarpal bones were obtained from the left forelimb, and samples of stomach chyme and digesta were collected from the terminal jejunum (20 cm anterior to the midpoint of the small intestine) and terminal ileum (20 cm anterior to the ileocecal junction). All digesta samples were gently flushed out with distilled water and collected before being freeze dried, and stored at -20°C for chemical analysis.
Chemical and Bone Mineral Density Analysis
Phytate P was determined in the diets and digesta using the method of Rutherfurd et al. (2004) . Total P and Ca were determined in the diets and digesta, using an inductively coupled plasma optical emission spectrophotometer (Thermo Elemental Intrepid II XDL; Thermo Electron Corporation, Madison, WI) after digestion, with a mixture of HNO 3 (5% vol/vol) and HCl (1% vol/vol), at 110°C for 1 h. The concentration of Ti in the diets and digesta were determined based on the method of Short et al. (1996) . The concentration of CP in diets was determined as the N concentration multiplied by 6.25. Nitrogen was determined using the LECO total combustion method (Method 968.06; AOAC, 1998) on a LECO TruSpec CN Carbon/ Nitrogen Determinator (LECO Corporation, St. Joseph, MI). Total fat was determined using solvent extraction based on the method 960.39 of AOAC (1998).
Bone mineral density and bone mineral content (bMC) were determined in the radius, ulna, and M3/M4 metacarpal bones of the left forelimb for each pig using a Hologic Discovery A bone densitometer (Bedford, MA).
Calculations
Gastric, jejunal, ileal, and total tract flows of minerals were calculated as follows (units are mg/kg DM):
Gastric, jejunal, ileal or total tract mineral flow (mg/kg DMI) = mineral concentration chyme/digesta/ feces × Ti concentration diet /Ti concentration chyme/ digesta/feces Where gastric, jejunal, ileal, and total tract mineral concentrations were based on concentrations of phytate P or total P or Ca in gastric chyme, terminal jejunal digesta, terminal ileal digesta, and feces, respectively.
The apparent gastric, jejunal, ileal, and total tract mineral digestibilities were calculated using the following equation (units are mg/kg DMI):
Apparent digestibility gut section (%) = 100 × (mineral diet -mineral flow gut section )/mineral diet Where the gut section represents the stomach, terminal jejunum, terminal ileum, and total tract, and mineral was either total P or Ca. Phytate P degradabilities were calculated as described for the apparent mineral digestibility, except phytate P was substituted for "mineral."
BMD was calculated as prescribed by WHO (2003) as follows:
BMD (g/cm 2 ) = BMC (g)/bone surface area of the 2-dimensional scan (cm 2 ) Statistical Analysis PROC UNIVARIATE was used to test for normal distribution. Data were analyzed statistically, using a repeated measures analysis, using PROC MIXED (SAS Inst. Inc., Cary, NC), where the gut section was the repeated factor. Where statistically significant (P < 0.05) effects or interactions were observed, individual means were compared using the Tukey test. Bone mineral density data were compared statistically, using 1-way ANOVA for each bone separately, using GLM procedures.
RESULTS
The animals appeared healthy and gained weight throughout the trial. The initial mean ± SE BW of the pigs was not different (P = 0.545) across treatments and feed refusals were negligible (<1% of total feed intake).
Dietary supplementation with phytase increased (P < 0.05) the BMC of the radius, ulna, and metacarpals by 28 to 36%, 35 to 39%, and 10 to 18%, respectively, and the BMD (P < 0.05) by 30 to 36%, 38 to 39%, and 18 to 19% for the radius, ulna, and metacarpals, respectively, depending on the phytase inclusion level (Table 3) . Bone mineral content and BMD were not different (P = 0.363 for BMC and P = 0.991 for BMD) between the phytase-supplemented low-P diets and positive control diet for any of the bones examined.
There was an interaction (P < 0.001) between treatment and GIT region (digestibility determined at different locations along GIT) for both phytate P degradability (Table 4 ) and apparent total P digestibility (Table 5) . For the positive control and low-P diets, phytate P degradability was not different (P = 0.721 for positive control diet, P = 0.935 for low-P diet) at the gastric, jejunal, and ileal levels (mean across locations and the 2 diets = 33%), but was greater (P < 0.05) over the total tract (mean across the 2 diets = 87%) compared with other GIT locations. There was no difference (P = 0.318) between the 2 phytase inclusion levels for phytate P degradation at any of the GIT locations. However, when phytase was present in the low-P diet, phytate P degradability at the gastric level was less (P < 0.05) than at the jejunal and ileal levels, which were in turn generally less (P < 0.05) than over the total tract. The difference between phytate P degradability at the ileal level and over the total tract varied, depending on the dietary treatment, being 57%, 48%, 27%, and 26% units for the positive control, low-P, phytase-supplemented low-P (1,105 U/kg), and phytasesupplemented low-P (2,215 U/kg) diets, respectively.
At the gastric level, there was no effect (P = 0.897) of dietary phytase supplementation on phytate P degradability, although the range in the actual phytate P degradability values was quite large (ranging from 22 to 39%). In contrast, at the jejunal and ileal levels and over the total tract, phytate P degradability was generally greater (P < 0.001) for the phytase-supplemented low-P diets, compared with the unsupplemented diets, although the magnitude of the increase in phytate P degradability with dietary phytase supplementation varied throughout the GIT, being 41%, 34%, and 9% units for the jejunal, ileal, and total tract levels, respectively. The trends observed for the degradable phytate P concentration across diets and GIT location (Table 4) generally reflected those observed for the phytate P degradability.
There was an interaction (P < 0.001) between diet and GIT level for apparent total P digestibility. Apparent total P digestibility was low in the stomach (<9%) and did not differ (P = 0.613) across dietary treatments, but increased from the stomach to the jejunum (P < 0.05) and from the jejunum to the ileum (P < 0.05) for the microbial phytase-supplemented diets, but not for the unsupplemented diets. There was no further change (P = 0.791) in apparent total P digestibility determined at the ileal or total tract levels for any of the diets. Apparent total P digestibility was greater (P < 0.05) at the jejunal (287% greater), ileal (109% greater), and total tract (100% greater) levels for the 2 phytase-supplemented diets, compared with the low-P diet. The trends observed for the apparent digestible total P concentration across diets and GIT location (Table 5) generally reflected those observed for the apparent total P digestibility.
There was an interaction (P < 0.01) between dietary treatment and region of GIT on apparent Ca digestibility (Table 6 ). Apparent Ca digestibility was less (P < 0.05) at the gastric level compared with the jejunal level for all dietary treatments. However, there was no difference (P = 0.603) between the apparent jejunal, ileal, and total tract Ca digestibilities for any of the dietary treatments. Apparent Ca digestibility was not different (P = 0.530) between the positive control diet and low-P diet at the jejunal, ileal, and total tract levels, with a mean apparent Ca digestibility across the 3 regions of the GIT and 2 dietary treatments of 69%. In the same way, apparent jejunal, ileal, and total tract Ca digestibility was not different (P = 0.479) between the 2 phytase-supplemented low-P diets, with an equivalent mean apparent Ca digestibility of 88%. Overall, phytase supplementation increased (P < 0.05) apparent Ca digestibility by 27%. Finally, the trends observed for the apparent digestible Ca concentration across dietary treatments and GIT location (Table 6 ) generally reflected those observed for the apparent Ca digestibility.
Discussion
Dietary supplementation with microbial phytase resulted in a marked increase in BMC and BMD of the bones examined, such that the BMD of the pigs receiving the phytase-supplemented low-P diet was at least equal to that observed for the positive control diet. This was notable given that the low-P diet contained only half the amount of nonphytate P and 63% of the amount of Ca present in the positive control diet. Observed increases for the metacarpals were similar to that observed by other workers for growing pigs fed adequate P diets (Pagano et al., 2007) . Dietary microbial phytase supplementation has also been shown to improve bone breaking strength in pigs (Veum et al., 2006; Pagano et al., 2007) . While bone strength was not examined as part of the presently reported study, the BMD of the M4 Table 3 . Mean (n = 8) bone mineral content (BMC) and bone mineral density (BMD) of the radius, ulna, and combined M3/M4 metacarpals for pigs receiving the experimental diets Treatment *** GIT location *** Treatment × location interaction *** a-c Within a column, means without a common superscript differ (P < 0.05).
x,y Within a row, means without a common superscript differ (P < 0.05).
1 Overall standard error of the mean across dietary treatments.
2 *** P ≤ 0.001. Treatment *** metacarpals has been shown to be strongly correlated with a range of bone strength parameters (Nielsen et al., 2006) . Consequently, dietary supplementation with the phytase used in the presently reported study would be expected to improve the bone strength of pigs. Phytate P appeared to be hydrolyzed in the stomach to a significant extent across all dietary treatments, despite the fact that not all of the diets contained microbial phytase. Dephosphorylation of phytate in the stomach has been reported for pigs fed corn- (Pontoppidan et al., 2012) and wheat-based diets (Blaabjerg et al., 2011) supplemented with microbial phytase. In the presently reported study, phytate P may have been hydrolyzed in the stomach by plant phytases naturally present in the diets, although some degradation of phytate by microbes present in the stomach cannot be ruled out. Gastric phytate P degradability data were quite variable (CV = 27% across all dietary treatments), possibly reflecting the fact that gastric chyme contains nutrients in various stages of digestion, depending on the time elapsed between sampling and the pig's last meal.
Apparent phytate P degradability in the jejunum and ileum for the phytase-supplemented diets was similar, regardless of the phytase inclusion level, but was more than double (33% vs. 72%) that observed for the positive control and low-P diets. Over the total tract, apparent phytate P degradability was the same for the 2 unsupplemented diets (87%) and between the 2 phytasesupplemented diets (96%), but was 10% greater for the phytase-supplemented diets compared with the unsupplemented diets. The differences observed between the ileal and total tract phytate P degradability, particularly for the unsupplemented diets, suggests that the microbiota in the large intestine of the growing pig play a significant role in the hydrolysis of phytate P. Moreover, the hindgut hydrolysis of phytate was greater for the unsupplemented diets, most likely due to the higher concentration of phytate entering the hindgut compared with that for the phytase-supplemented diets.
Few studies have investigated the impact of dietary microbial phytase supplementation on phytate degradability in growing pigs. Guggenbuhl et al. (2012a) reported that dietary phytase supplementation (1,000 U/kg of the same enzyme as used in the present study) increased the hydrolysis of inositol-P6 from 46 to 87% when breakdown was determined at the terminal ileum in growing pigs. Jongbloed et al. (1992) conducted a study whereby they determined phytic acid digestibility at the duodenal and ileal levels in pigs fed a low-P cornsoybean meal-based diet, with and without microbial phytase. They reported 21% and 10% phytate digestibility in the duodenum and ileum, respectively, for the unsupplemented diet, and 69% and 60%, respectively, for the phytase-supplemented diet, suggesting that no phytate hydrolysis occurred between the duodenum and terminal ileum, even in the presence of exogenous microbial phytase. However, dietary phytase supplementation improved phytate degradation in the stomach. The latter observation that little phytate hydrolysis occurs in the small intestine reflects the findings of the present study. Unfortunately, the latter study did not report the phytate content of the feces and so conclusions on hindgut phytate hydrolysis cannot be made. Kemme et al. (1999) reported an increase in ileal phytate degradation from 15 to 53% after dietary inclusion of 900 U/kg Natuphos (Gist-brocades, Delft, The Netherlands) into a corn-soybean meal-based diet containing 2.7 g/kg of phytate P, 3 g/kg of total P, and 5.3 g/kg Ca. Although a similar percentage unit increase was also observed by Kemme et al. (1999) , the actual phytate P degradation observed in the presently reported study after dietary phytase supplementation was much greater than that observed by Kemme et al. (1999) .
In the presently reported study, the majority of the total P appeared to be absorbed in the jejunum, with little or no absorption occurring in the stomach, ileum, or hindgut. Moreover, a greater proportion of the total P was absorbed at the end of the jejunum when phytase was present in the diet, reflecting the greater release (and therefore greater availability) of P from phytate to the end of the jejunum when phytase was present in the diets. Partridge (1978) reported little P absorption from the duodenum and hindgut, but significant P absorption from the jejunum and ileum of growing pigs fed a barley-based diet. Liu et al. (1998) fed microbial phytasesupplemented (Natuphos 500 U/kg) corn-soybean mealbased diets to pigs and explored the impact of the dietary Ca:P ratio on the digestibility of P and Ca. For diets with a similar Ca:P ratio to that present in the low-P diets of the presently reported study, most of the dietary P (49%) was absorbed in the upper digestive tract and little (7%) absorbed in the hindgut. Jongbloed et al. (1992) also reported no net total P absorption in the hindgut of pigs fed low-P corn-soybean meal diets, with and without microbial phytase supplementation. The results of the studies described above closely reflect those reported here. Dietary phytase supplementation of a low-P diet led to sizable increases in apparent total P digestibility at the jejunal, ileal, and total tract levels, with respective increases of 39%, 35%, and 36% units being observed. Several workers have examined the effect of dietary microbial phytase on the apparent ileal total P digestibility (Jongbloed et al., 1992; Mroz et al., 1994; Omogbenigun et al., 2003; Johnston et al., 2004; Fan et al., 2005; Nitrayová et al., 2009; Cervantes et al., 2011; Zeng et al., 2011) and apparent total tract total P digestibility (Jongbloed et al., 1992; Mroz et al., 1994; Adeola et al., 1995; Liu et al., 1997; Li et al., 1998; Liu et al., 1998; Kemme et al., 1999; Zhang et al., 2000; Johnston et al., 2004; Fan et al., 2005; Adeola et al., 2006; Veum et al., 2006; Jendza and Adeola, 2009; Nitrayová et al., 2009; Agudelo et al., 2010; Zeng et al., 2011; Guggenbuhl et al., 2012b; Jolliff and Mahan, 2012) in growing pigs fed low-P corn-soybean meal-based diets. While comparing phytase efficacy results across studies should be done with caution, since study methodology can affect phytase efficacy (Angel et al., 2002) , the improvement in apparent ileal and total tract total P digestibility observed in the presently reported study was generally greater than equivalent values reported in the literature for other microbial phytases.
In the presently reported study, a considerable amount of phytate was hydrolyzed in the hindgut. However, because little if any absorption of P occurred in the hindgut, the released phytate P would have been excreted and therefore unavailable to the pigs. The latter is an important finding because the significance of the hindgut microbiota on phytate hydrolysis has not been well established. Leytem and Thacker (2010) fed diets containing different cereal grains and therefore different amounts of phytate and phytase, but balanced for total P, to growing pigs. They reported significant differences in apparent total tract phytate degradability but no difference in apparent total tract total P absorption across the diets. The latter workers concluded that, firstly, phytate was not dephosphorylated by the intrinsic phytases in the plant-based ingredients to any significant degree and that, secondly, phytate degradation was occurring distal to the terminal ileum, but the P derived from phytate was not being absorbed. Based on their experimental design, the latter conclusions can be questioned, since there was no way of knowing where in the GIT phytate hydrolysis was occurring, nor the relative contribution of the intrinsic plant phytases or microbial phytases from the GIT microbiota to the hydrolysis of phytate. The presently reported study may be the first that examines the degradation of phytate P and total P digestibility throughout the GIT of the pig within the context of dietary microbial phytase supplementation. In practical terms, it would appear that although total tract estimates of total P digestibility may be suitable for predicting total P availability, ileal estimates of phytate P degradation more accurately predict the digestible P derived from phytate. Total tract estimates are confounded by the hydrolysis of phytate by hindgut microbes.
It is well established that Ca absorption in pigs occurs mainly in the proximal small intestine (Schröder and Breves, 2006) , although Ca absorption in the large intestine of pigs fed certain diets has also been reported (Partridge, 1978) . In the present study, net Ca absorption only occurred in the proximal small intestine. Dietary microbial phytase inclusion improved apparent Ca digestibility to the end of the jejunum, where 32% more Ca was absorbed from the phytase-supplemented low-P diets, compared with the low-P diets.
Several workers have investigated the effect of microbial phytase addition to low-P corn-soybean meal diets on apparent total tract Ca digestibility in pigs (Mroz et al., 1994; Adeola et al., 1995; Kemme et al., 1999; Veum et al., 2006; Jendza and Adeola, 2009; Nitrayová et al., 2009; Agudelo et al., 2010; Zeng et al., 2011; Jolliff and Mahan, 2012) . For the unsupplemented diets, apparent total tract Ca digestibility ranged from 44 to 68% compared with 72% observed in the presently reported study. After phytase supplementation (1,000 to 2,000 U/kg), apparent total tract Ca digestibility increased from 51 to 78%, which was less than the increase observed in the presently reported study (apparent total tract Ca digestibility = 87%), even though the supplemental phytase activities were similar in the diets across studies.
In conclusion, dietary supplementation of a low-P corn-soybean meal diet with microbial phytase markedly increased phytate degradation at the end of the ileum of the growing pig. Significant amounts of phytate were also hydrolyzed in the hindgut, presumably by hindgut microbes. However, P released in the hindgut was not absorbed. Consequently, ileal, rather than total tract, estimates of phytate P degradation are more direct measures
